Quantum -or classically correlated -light can be employed in various ways to improve resolution and measurement sensitivity. In an "interaction-free" measurement, a single photon can be used to reveal the presence of an object placed within one arm of an interferometer without being absorbed by it. This method has previously been applied to imaging. With a technique known as "ghost imaging", entangled photon pairs are used for detecting an opaque object with significantly improved signal-to-noise ratio while preventing over-illumination. Here, we integrate these two methods to obtain a new imaging technique which we term "interaction-free ghost-imaging" that possesses the benefits of both techniques. While maintaining the image quality of conventional ghost-imaging, this new technique is also sensitive to phase and polarisation changes in the photons introduced by a structured object. Furthermore, thanks to the "interaction-free" nature of this new technique, it is possible to reduce the number of photons required to produce a clear image of the object (which could be otherwise damaged by the photons) making this technique superior for probing light-sensitive materials and biological tissues. Quantum metrology enables single photons, entangled photon pairs, or multi-photon quantum states to be used for enhancing the resolution of measurements [1] . Such states are now applied in several imaging schemes such as interaction-free imaging [2], ghost-imaging [3, 4] , and imaging using N00N-states [5] . Interaction-free imaging involves a single photon going through an interferometer and indicating an object's presence or other physical properties of that object by the absence of a visible interaction with it [2] . If undisturbed in the interferometer, the photon interferes with itself and exits through only one output port leaving the other "dark". If, however, an object is placed in one arm of the interferometer, then the photon's interference is disturbed. One quarter of the time, the detection of the photon in the supposedly dark output port of the interferometer will occur. The key aspect of this technique relies on the fact that photons detected in the dark output port have never interacted with the object, yet can still reveal its presence. Enhancements of the original method [6] involve the quantum Zeno effect [7, 8] , as well as more elaborate schemes based on induced coherence without induced emission [9] . Similar interaction-free measurements have also found many applications in quantum computation and communication [10, 11] , stabilizing ultracold atoms [12] , orbital angular momentum spectrometry [13] and optical switching [14] .
Quantum metrology enables single photons, entangled photon pairs, or multi-photon quantum states to be used for enhancing the resolution of measurements [1] . Such states are now applied in several imaging schemes such as interaction-free imaging [2] , ghost-imaging [3, 4] , and imaging using N00N-states [5] . Interaction-free imaging involves a single photon going through an interferometer and indicating an object's presence or other physical properties of that object by the absence of a visible interaction with it [2] . If undisturbed in the interferometer, the photon interferes with itself and exits through only one output port leaving the other "dark". If, however, an object is placed in one arm of the interferometer, then the photon's interference is disturbed. One quarter of the time, the detection of the photon in the supposedly dark output port of the interferometer will occur. The key aspect of this technique relies on the fact that photons detected in the dark output port have never interacted with the object, yet can still reveal its presence. Enhancements of the original method [6] involve the quantum Zeno effect [7, 8] , as well as more elaborate schemes based on induced coherence without induced emission [9] . Similar interaction-free measurements have also found many applications in quantum computation and communication [10, 11] , stabilizing ultracold atoms [12] , orbital angular momentum spectrometry [13] and optical switching [14] .
Entangled photon pairs produced through spontaneous parametric down-conversion (SPDC) can be used to produce images with high signal-to-noise ratio (SNR). In ghost imaging [15] [16] [17] , one of the down-converted photons is used to illuminate an object and is captured by a bucket detector. The other is sent through a different path to a camera. By registering only coincidence events between the camera and the bucket detector, an image of the object is formed on the camera even though the photons collected by the camera have never interacted with the object. This also gives images a high SNR and allows images to be obtained with an average of fewer than one detected photon per image pixel [18] . Ghost imaging can also be achieved with classical light [19] [20] [21] . Ghost imaging schemes, relying on non-degenerate down-converted photon pairs, have also been demonstrated [22] . A major disadvantage of ghost imaging is its inability to image birefringent and phase-only objects [19] . Another quantum imaging technique making use of entangled photons, the sub-shot-noise imaging protocol, had also been demonstrated to significantly improve SNR in imaging [23, 24] .
In this Letter, we merge the two ideas and demonstrate interaction-free ghost imaging (IFGI) which possesses the benefits of both techniques. In IFGI, an interferometer is built along the path of the photon used to interrogate the object, a bucket detector is placed at each of the exit ports. If no object is present, then photons will only be registered in the exit port with constructive interference. Once, however, an object is placed in one arm of the interferometer, the interference is disturbed and both bucket detectors may detect photons. By subtracting the image obtained in the destructive interference port from arXiv:1711.09171v3 [quant-ph] 10 Jul 2018 that of the constructive port, we can obtain an image with the same or even better quality compared to that of conventional ghost imaging (CGI) with less photons interacting with the object. This feature could be of great importance in imaging objects that display great sensitivity to light, such as certain organic tissues. Furthermore, we show that IFGI is very sensitive to phase and polarisation changes in the beam and can be used to image birefringent and phase-only objects.
Ideally, for CGI, when N photons are used to probe an object, all N photons will be absorbed/scattered by the object giving a change in photon number at the detector of ∆N CGI = −N . Now, for IFGI, let us assume a MachZehnder interferometer with the input beam splitter (BS) having reflectivity R and transmissivity T , and the exit BS having reflectivity T and transmissivity R. If N photons are in the beam when entering the first BS and the object is placed in the transmission arm of the interferometer, then in the constructive exit port, a change in photon number of ∆N C = N (R 2 − 1) will be observed. In the destructive exit port a change of ∆N D = N RT will be observed. Subtracting ∆N D from ∆N C gives
so to have ∆N IFGI = ∆N CGI will require R = T = 0.5 (ignoring the trivial case of T = 1). This means that only N/2 photons will have interacted with the object, effectively reducing the interaction by half compared to CGI, while maintaining the same sensitivity. Moreover, when T > R, one can obtain ∆N IFGI > ∆N CGI with a maximal ∆N IFGI = 1.125∆N CGI (this case can be achieved with T = 0.75 and R = 0.25). Therefore, one can achieve an increase in sensitivity by a factor of 1/8 by using IFGI with a 25% reduction of the photon interaction with the object. Our experimental setup for implementing IFGI is shown in Fig. 1 . A 0.5-mm-thick Type-I bismuth triborate crystal (BiBO) is pumped by a 100 mW, 355 nm beam to generate entangled photon pairs via SPDC. The 355 nm pump beam is afterwards filtered out with a longpass filter. The photon pairs are separated by a 50:50 BS where one photon is sent into an interferometer to probe an object and the other to an intensified CCD (ICCD) camera where the image of the probed object is to be viewed. A Sagnac interferometer is constructed to ensure better stability of the interference. The clockwise and anti-clockwise beam paths of the interferometer are slightly displaced from each other such that the object can be placed in just one of the paths. A variable beam splitter (VBS) -composed of a half-wave plate (HWP) and a polarizing beam splitter (PBS) -was used to construct the interferometer in order to give us control over the amount of photons sent to probe the object. Imaging lenses are used to ensure that the ICCD camera and the object are in the same image-plane of the BiBO crystal. A second VBS is placed in the exit port of the interferometer allowing us to observe either constructive or destructive interference. A bucket detector composed of a multi-mode fibre (MMF) with a core diameter of 200 µm connected to a single photon avalanche diode (SPAD) is placed behind the VBS. The ICCD camera is triggered by the SPAD to detect coincidence events between the two arms. To compensate for the timing delay caused by the electronics, an image-preserving delay line of 24 m length is placed in the path of the photons incident on the ICCD camera. The gating time on the ICCD is set to 5 ns. Bandpass filters of 710 ± 5 nm are used so that only degenerate photon pairs are detected. Our IFGI setup can be converted into a CGI setup by simply adjusting the VBS to be fully transmissive. It is important to note that ideally one would like to place a bucket detector at each of the constructive and destructive output ports of the second VBS and have them trigger the same camera in parallel so two images, one for each output port, can be acquired at the same time. However, such a camera is not currently available to us, so we have opted for the current setup as a proof of principle.
To make a fair comparison of the sensitivity and image quality obtained using IFGI and CGI, we use the difference in the average number of photons detected per pixel for a region inside and outside of the object, i.e.,
Here, we did not employ the more commonly used quantity, namely, the contrast or visibility, defined as V = (N out −N in )/(N out +N in ) to compare the images. As previously discussed, making a fair comparison between IFGI and CGI would require a direct comparison between the number of photons used to create the image. However, V is a normalized quantity and can give the same value provided that its ratio is maintained irrespective of the number of photons, and therefore cannot be used as a figure of merit to compare the two methods. When making coincidence measurements, one also has to consider the subtraction of accidental events caused by background light, detector noise, etc. To account for accidental events during CGI measurements, we adjust the delay of our ICCD such that, when triggered by the bucket detector, it opens its shutter outside the coincidence window thereby registering only accidental events. The image obtained this way is subtracted off as background. In IFGI measurements, we have an additional background contribution due to imperfect interference. This is caused by a combination of an imperfect beam splitter and interferometer alignment. To account for this, we simply used the image obtained in the destructive port when there is no object in the interferometer as the background. In Fig. 2 we show a comparison of images obtained using CGI and IFGI. The imaged object is a ∼2-mmdiameter laser cut metal sign of the letters "UO" (Fig. 2-(a) ). An image of the sign is taken with CGI as shown in Fig. 2-(b) , and a ∆N of 2090 photons/pixel was obtained. In Fig. 2-(c1) and (c2), we see the images taken in the constructive and destructive interference port, respectively, with the VBS set to 50:50, and Fig. 2-(c) is the image obtained from (c1) subtracting (c2). For Fig. 2 -(c), we obtained a ∆N of 2045 photons/pixel, a number that is comparable to that obtained from CGI. Figure 2 -(d) is generated via the subtraction of Fig. 2-(d2) from (d1), the constructive and destructive interference port, respectively, when the VBS is set to 25:75 (R:T). A ∆N of 2487 photons/pixel was obtained for Fig. 2-(d) , agreeing with the predicted 1/8 increase over CGI. Potentially, one can further reduce the amount of absorbed photons to zero by implementing the quantum Zeno effect [7, 8] .
A minor technical drawback of IFGI seen in these results is that it will have more background noise compared to CGI, caused by the combined noise when the images are being added/subtracted. To create the final image using IFGI, three different images have to be added/subtracted from each other, namely the images from the constructive and destructive ports of the VBS and the background due to the imperfect interference. This would theoretically increase the background noise by a factor of √ 3. The standard deviation in the background events determined for CGI in Fig. 2-( Another advantage of IFGI when compared to CGI is in its sensitivity to changes in phase and polarisation of the photons. In Fig. 3, a ∼0 .15-mm-thick glass shard (Fig. 3-(a) ) is placed in the beam and imaged by CGI (Fig. 3-(b) ) and IFGI ( Fig. 3-(c) ). Using CGI, we can see the area blocked by the glass shard is dimmer. This would be caused by the back reflection and scattering of photons in the glass. If the glass shard is anti-reflection treated, then it should be almost totally invisible to CGI except for perhaps the edges. With IFGI, the glass shard is clearly visible, because the phase shift introduced by the glass disturbs the interference. We have also determined ∆N of the images, obtaining 993 photons/pixel for CGI and 2391 photons/pixel for IFGI. Clearly a much larger ∆N for IFGI. The sensitivity to polarisation of IFGI is demonstrated in Fig. 4 . Here, a pattern of a "bomb" is imprinted on a liquid crystal device [25] ; an image of the device placed between two cross polarisers is shown in Fig. 4-(a) . Any linearly polarised photons passing through the pattern will have their polarisation rotated by 90
• . For a CGI setup, there are normally no polarisation sensitive elements so we had to remove both VBSs from the setup when the CGI image was taken. The CGI image taken without any VBS is shown in Fig. 4 -(b) and this polarisation change is clearly not observed. However, the bomb pattern is clearly visible in Fig. 4 -(c) when IFGI is used, indicating a sensitivity to polarisation change. We have not compared ∆N between the two methods here as the bomb is clearly invisible to CGI. Polarisation sensitivity can certainly be added to CGI simply by placing a polariser after the object, but what we want to demonstrate here is that polarisation sensitivity is an intrinsic feature to IFGI. To compensate for the phase change introduced by the liquid crystal device, a glass plate of similar thickness is inserted in the other interferometer arm and with its insertion angle adjusted such that a good interference is observed by the bucket detector.
On the fundamental side, our demonstration proves once again the robustness of quantum nonlocality and interaction-free measurement, even when combined together. Although ghost-imaging could similarly work for classically correlated light (with a predetermined direction of the photons) [19] [20] [21] , we have used here nonlocally correlated photons (with the aim of further utilizing in the future the quantum features of the photons, e.g. when employing N00N or squeezed states). We have therefore found evidence that interaction-free measurement performed with the aid of one photon leads to "collapse", thereby affecting its remote entangled partner. The nonlocal features are clearly apparent in previous proposals along these lines [26] [27] [28] [29] , but in this experiment we chose to focus on the interaction-free aspects. The introduction of interaction-free imaging makes the present experiment genuinely quantum [30] . Moreover, it is "doubly-nonlocal" since it employs both the familiar quantum nonlocality made possible through entanglement, as well as the more subtle nonlocality of two wavepackets corresponding to the same particle [31] . Notice that the latter enables to sense not only the presence of an object, but also its properties, without necessarily changing it (by virtue of a quantum counterfactual). Eventually, the unwarranted effect of the photon on the probed object, e.g. a delicate biological tissue, can be largely avoided, yet the state of the photon does change. This curious phenomenon, namely one party affecting the other without a reciprocal action, was studied earlier on the basis of an underlying mechanism termed "quantum oblivion" [29] . That analysis turned out to underlie some other related phenomena too. Indeed, when a photon is employed in interaction-free measurement, its relative phase changes, but the "bomb" system, apparently oblivious to the interaction, does not change. It is this non-reciprocity that enables gathering information while inducing reduced disturbance.
In summary, we have demonstrated a new imaging method termed Interaction-Free Ghost-Imaging (IFGI) and have shown how it can serve as a useful ghost imaging technique to observe light sensitive structured objects. When compared to CGI, a similar and even improved image quality can be obtained with IFGI while reducing the number of photons probing the object. The extra interferometer in the IFGI setup also makes the proposed technique sensitive to phase shifts and polarisation changes of light introduced by the observed object, whose effects are mostly invisible to CGI. IFGI would prove useful in imaging biological samples where changes in the sample thickness and composition can be observed. In order to view smaller samples, such as biological cells, one can focus the pump beam onto the non-linear crystal giving the SPDC beam a much smaller profile. However, this reduces the Rayleigh range of the SPDC photons, making the image plane of the object much more difficult to find on the camera. This sensitivity to phase and polarisation can certainly also be achieved using ghost-imaging with classical light [32] . However, the "interaction-free" nature of this experiment is a purely quantum phenomenon and can be used to reduce the number of photons required to probe a light sensitive object which is otherwise not achievable with classical light. In light of the above demonstrative results, additional promising avenues are waiting to be explored, such as extending the technique to X-rays [33] , where reducing the amount of absorbed radiation by the tissues is vital.
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